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ABSTRACT: The oxidation of nitric oxide to nitrogen dioxide by
hydroperoxy (HO2) and organic peroxy radicals (RO2) is responsible for
the chemical net ozone production in the troposphere and for the
regeneration of hydroxyl radicals, the most important oxidant in the
atmosphere. In Summer 2014, a field campaign was conducted in the North
China Plain, where increasingly severe ozone pollution has been experienced
in the last years. Chemical conditions in the campaign were representative for
this area. Radical and trace gas concentrations were measured, allowing for
calculating the turnover rates of gas-phase radical reactions. Therefore, the
importance of heterogeneous HO2 uptake on aerosol could be experimentally
determined. HO2 uptake could have suppressed ozone formation at that time
because of the competition with gas-phase reactions that produce ozone. The successful reduction of the aerosol load in the North
China Plain in the last years could have led to a significant decrease of HO2 loss on particles, so that ozone-forming reactions could
have gained importance in the last years. However, the analysis of the measured radical budget in this campaign shows that HO2
aerosol uptake did not impact radical chemistry for chemical conditions in 2014. Therefore, reduced HO2 uptake on aerosol since
then is likely not the reason for the increasing number of ozone pollution events in the North China Plain, contradicting conclusions
made from model calculations reported in the literature.

1. INTRODUCTION

In the last years, ozone (O3) pollution has become a major
concern in China because of an increasing number of high
ozone concentration events.1−5 The only relevant chemical
source of tropospheric O3 is the oxidation of nitric oxide (NO)
to nitrogen dioxide (NO2) by hydroperoxy (HO2) and organic
peroxy (RO2) radicals. Ozone is then produced from the
photolysis of NO2.
Several reasons have been suggested to explain the increase

in the number of high ozone pollution events. The global O3
background concentration increased6−8 and meteorological
conditions (e.g., high temperature or more sunlight) could
have favored ozone pollution.9,10 Regulations in China focused
on limiting nitrogen oxide (NOx = NO2 + NO) emissions but
neglected volatile organic compound emissions. This change in
the mix of anthropogenic emissions could contribute to
increasing ozone concentrations11−13 because it could have
shifted the chemical regime from conditions in which ozone
production is suppressed by nitrogen oxides to conditions in
which the oxidation of organic compounds leads to efficient
ozone production.14−17 A recent modeling study attributed the
increase in ozone concentrations in China between 2014 and
2017 mainly to the significant reduction of particle

concentrations, as suggested by Li et al.1 The mechanism
behind this would be that heterogeneous HO2 radical loss on
aerosol suppressed ozone formation. Cleaning the air from
aerosol would result in higher HO2 concentrations and
consequently in higher ozone production. The increase in
radical production due to higher actinic flux would play only a
minor role.1

The reaction of HO2 with NO is not only responsible for
photochemical ozone formation but is also important for the
regeneration of hydroxyl radicals (OH), the most important
gas-phase oxidant during daytime. Therefore, the competition
between gas-phase HO2 loss by NO and heterogeneous HO2

loss on particles also impacts the oxidation capacity in
continental areas dominated by anthropogenic emissions.
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For small particles (submicrometer), the heterogeneous loss
rate is not limited by gas-phase diffusion but by the transfer
through the gas/particle interface.18 The latter is described by
eq 1.

L v(HO ) 0.25 ASA HO2 het eff HO 22
γ= · · · ·[ ] (1)

The rate is proportional to the aerosol surface area (ASA)
concentration and the mean molecular velocity of HO2 (νHO2

,
e.g. 4.44 × 105 cm/s at 25 °C). The effective uptake coefficient
γeff parametrizes the influence of processes such as rebouncing
when HO2 hits the surface, evaporation into the gas phase, and
diffusion and chemical reaction in the particle.
HO2 uptake on the aqueous aerosol surface is facilitated by

its high solubility and capability to dissociate to H+ and O2
− in

water.18 The presence of dissolved transition metal ions
(TMIs) in the aerosol catalyzes the conversion of HO2 to
oxidation products and thus increases the uptake flux.19−22 In
contrast, organic coating of aerosol can inhibit the reactive
uptake.23,24 Laboratory studies using artificial aerosol give
effective uptake coefficients ranging from 10−5 to unity
depending on the aerosol chemical composition and its mixing
state.21−28 So far, the uptake coefficient has only been
measured once for real aerosol from the North China
Plain.20 The relatively high value of 0.2 is likely due to the
abundance of dissolved copper ions Cu(I)/Cu(II) in aqueous
aerosol. In the model studies by Li et al.,1,2 this high value is
applied for all conditions in China between 2014 and 2017.
In this study, measurements from a field campaign during

summertime in the North China Plain,29,30 where a significant
ozone increase from 80 ppbv to more than 100 ppbv was
observed between 2014 and 2018 (Figure S2), are used to
calculate turnover rates of gas-phase radical reactions resulting
in ozone production. Because ozone formation is connected to
photochemistry, the analysis is done under daytime conditions,
and nighttime chemistry is not further discussed in this work.
The campaign was conducted shortly after the Clean Air
Action Plan of the Chinese government was put into force in
2013. Therefore, particulate matter pollution was still high (60
μg/m3 average during the campaign) and thus, the impact of
aerosol uptake could have been an important radical loss.

2. FIELD MEASUREMENT AND METHODS
The field campaign aimed to investigate the role of radical
chemistry in air pollution formation in the North China Plain.
A comprehensive suite of instruments detecting gas-phase
species and characterizing particle properties were deployed.
For the analysis here, measurements of concentrations of
radicals (OH, HO2, and RO2), ozone, nitrous acid (HONO),
formaldehyde (HCHO), nitryl chloride (ClNO2), molecular
chloride (Cl2), and aerosol surface area (ASA) and the
measurement of the total OH radical loss rate (OH reactivity =
inverse lifetime of OH) are used (Table S2). Details of the
field site and instrumentation can be found in previous
publications.29−33

In the previous analysis of the radical chemistry, it was
shown that OH production and destruction rates determined
from measured gas-phase species were balanced.30 This
indicates that OH loss and production can be explained by
known radical chemistry reactions. Approximately 40% of the
total OH loss was due to reactions with inorganic species
(NOx and CO) and the remaining fraction due to organic
compounds. The sum of measured OH reactant concen-

trations matched the observed OH reactivity, demonstrating
that all important OH reactants were detected.30

Because of the short chemical lifetime of radicals (typically
less than a minute), their concentrations are expected to be in
a steady state, with production and destruction rates balanced.
The turnover rates of gas-phase production and destruction
rates that were important for the HO2 and ROx (=RO2 + HO2
+ OH) radical budgets during the campaign (Figure 1) can be

calculated from measured trace gases, radicals, and photolysis
frequencies (Supporting Information). If heterogeneous HO2
loss had been a significant loss process, an imbalance between
production and destruction rates would be expected, if only
gas-phase reactions are taken into account.
Gas-phase radical production and destruction reactions can

be distinguished by their roles for the radical budgets.36

Radical production reactions from nonradical precursors
(primary sources) lead to an increase of the total ROx radical
concentration, and radical recombination reactions act as
permanent sinks for ROx. In contrast, reactions in which the
number of consumed and produced radicals is equal do not
change the total ROx concentration. As a consequence, radical
conversion reactions cancel out in the ROx radical budget,
whereas the HO2 budget contains all types of radical reactions.
Total radical (ROx) primary production includes ozonolysis

of alkenes, the reaction of chlorine atoms (Cl) with organic
compounds, photolysis of HONO, photolysis of O3 with
subsequent reaction with water, and photolysis of carbonyl-
containing species (eq S3, Supporting Information). ROx
termination processes are reactions between OH and NOx,
radical recombination reactions between HO2 and RO2, and
nitrate formation from reactions of RO2 radicals with NO (eq
S4, Supporting Information).
The production of HO2 consists of several primary sources,

mainly photolysis of molecules containing a carbonyl group
(RCHO), most importantly formaldehyde, and ozonolysis of
alkenes (Figure 1). In addition, HO2 is formed in radical chain
propagation reactions from either OH with mainly CO or
formaldehyde or from reactions of RO2 radicals with NO (eq
S1, Supporting Information). Gas-phase HO2 destruction
includes radical recombination reactions with other peroxy
radicals (HO2 and RO2), forming peroxides, and the reaction
with NO. Potential loss due to heterogeneous uptake on the
aerosol surface would add to the gas-phase loss (eq S2,
Supporting Information).

Figure 1. Schematics of (a) HO2 and (b) ROx (OH + HO2 + RO2)
loss and production processes.
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3. RESULTS AND DISCUSSION
Photolysis reactions of ozone, nitrous acid, and carbonyl
compounds are the most important contributors (62%) to
primary radical production during daytime and therefore, the
calculated ROx production rate peaks with values of up to 12
ppbv/h around noontime, when solar radiation is the strongest
(Figures 2 and S3). Photolysis of ClNO2 or Cl2 (reactions S21

and S22, Supporting Information) is a source for Cl atoms.
Measurements of ClNO2 and Cl2 concentrations during this
campaign gave on average concentrations of 1 ppbv and 100
pptv, respectively (Figure S4). Assuming that each Cl atom
results in one RO2 radical (reaction S20, Supporting
Information), an averaged production rate of 1.7 ppbv/h
during daytime is obtained.33 This value is included as an
upper limit for the production of ROx radicals from Cl atoms
in the budget analysis, which increases the total radical
production compared to a previous model-based study.29

Another contribution to P(ROx) comes from the ozonolysis of
alkenes with a value of 0.5 ppb/h (Figure 3a).
On average, the total radical (ROx) production is balanced

by gas-phase radical loss reactions, mainly from the reactions
with NOx and radical self-reactions. Only an insignificant
discrepancy of 0.6 ± 1.3 ppbv/h remains (Figures 3a and 4).
The leading uncertainties of the calculated destruction rates
are the accuracies in the yields of nitrates from the reaction of

RO2 with NO and in the HO2 + RO2 reaction rate constants,
which depend on the exact RO2 speciation that is not known
(Supporting Information). A lower limit for a nitrate yield of
5% is assumed for all RO2. Higher yields that could be up to
30% for specific RO2 would bring P(ROx) and L(ROx) in even
better agreement but cannot balance radical loss by HO2
uptake on aerosol. Results would not change if the nitrate yield
was higher (Figure S8). The HO2 + RO2 reaction (reaction
S2) rate constants for different RO2 species vary typically
within 30% but can also be as high as a factor of 4.37 For
example, changing the value of 1.7 × 10−11 cm−3 s−1 (298 K)
used in the calculations within this range (30%) doubles the
imbalance in the ROx budget to 1.2 ppbv/h. These
uncertainties demonstrate that there is no significant imbalance
in the ROx budget.
The HO2 production rate is higher than its destruction rate,

specifically in the morning hours. During this time of the day,
high NO concentrations from traffic emissions enhance the

Figure 2. Time series of ROx and HO2 loss and production rates and
of ASA concentration during the campaign. Colored areas denote the
uncertainty in the experimental budget calculation (see text) and grey
areas denote nighttime.

Figure 3. Relative contributions of single radical production and loss rates for ROx (a) and HO2 (b) during daytime (08:00−16:00). The
contribution from RO2 + RO2 reactions to the total radical loss is <1% and is therefore not shown.

Figure 4. (a) Distributions of imbalances in the ROx budget (P − L)
and the corresponding averaged ASA concentrations (vertical lines are
standard deviations). (b) Distribution of calculated HO2 uptake
coefficients (eq 2). A fit to a Gaussian distribution (red line) yields a
mean uptake coefficient of 0.08 and a standard deviation of 0.13 (1σ),
indicated by the colored area. Data are selected from 08:00 to 16:00
to represent daytime conditions.
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conversion of RO2 to HO2 radicals (Figures 2 and S5). The
experimentally determined HO2 production rate is higher than
that in the model because model calculations tend to
underestimate measured RO2 concentrations under these
conditions.29 Maximum HO2 production rates are up to 60
ppbv/h, much higher than maximum values of the ROx
production rate (Figure 2) because of the additional radical
conversion reactions that cancel out in the ROx budget. HO2
production is on average 5.4 ± 0.5 ppbv/h (37 ± 10%) higher
than its destruction (Figure 3b). In this case, the uncertainties
in the nitrate yield and HO2 + RO2 reaction rate constants
result in an uncertainty of 10% in the imbalance of the HO2
budget because of the smaller contributions of these reactions
to the total rates compared to the ROx budget. The lower limit
used for the organic nitrate yield of the reaction of RO2 with
NO could positively bias the HO2 production rate because the
competing reaction path leads to HO2 formation. A higher
nitrate yield would decrease the observed imbalance in the
HO2 budget. In contrast to the ROx budget, the imbalance in
the HO2 budget is significantly indicating that not all loss
processes are taken into account.
If HO2 aerosol uptake was the loss process required to

balance the HO2 budget, the loss rate of the sum of radicals
(ROx) should increase by the same absolute amount. As a
consequence, the total ROx production rate would need to be
twice as high compared to that of gas-phase sources calculated
by measured precursors, if HO2 uptake was the only
unaccounted process, in order to balance the increased loss
rate. This is much higher than the accuracy of the calculation
and it appears unrealistic that such a high source of radicals
(ROx) is missed from processes that were not taken into
account in the calculations (reactions S5−S10 and S18−S22).
Therefore, an HO2 loss process other than aerosol uptake is
likely responsible for the observed imbalance in the average
HO2 budget. Thus, the imbalance of the ROx budget
represents an upper limit for potential HO2 loss by uptake
on aerosol.
The analysis of the ROx radical budget suggests that there is

not a missing loss process (Figures 4 and S5) such as HO2
aerosol uptake within the uncertainty of the analysis (±1.3
ppbv/h, Supporting Information). However, it cannot be fully
excluded that HO2 aerosol uptake is balanced by an
unaccounted radical production process. Such processes have
been suggested for forested environments with high emissions
from pine trees.38,39 Because of the totally different emissions

from vegetation and anthropogenic sources in Wangdu, it is
unlikely that these results can be applied here.
There is a weak trend (Figure S6) of higher aerosol surface

concentrations with increasing imbalance in the ROx budget.
However, values of imbalances occur only very infrequently, so
that these values do not impact the averaged ROx budget.
Although differences between production (P) and loss (L)

rates in the ROx budget are on average not significant (Figures
4 and S7), values can be used to estimate an HO2 aerosol
uptake coefficient that would be required to close the budget
for each individual data point (derived from eq 1)

P L
v0.25 ASA HOeff

HO 22

γ = −
· ·[ ]·[ ] (2)

In this calculation, unphysical values can occur, for example,
if P − L is negative. The distribution of all calculated uptake
coefficients (Figure 4b) can be fitted to a Gaussian
distribution. The fit parameters can be attributed to an uptake
coefficient of 0.08 ± 0.13 for conditions of the campaign.
In addition to the variability in the distribution from

statistical errors, the uncertainties in the destruction and
production rates add to the accuracies of the uptake
coefficients. Taking maximum and minimum values within
the error limits of P and L to calculate the HO2 uptake
coefficient would move the mean of the distribution to a range
of −0.04 ± 0.11 and 0.19 ± 0.13. This demonstrates that the
uptake coefficient can only be determined with high
uncertainty from these measurements. The value depends on
the content of TMIs such as copper Cu(I)/Cu(II) and iron
Fe(II)/Fe(III) in the aerosol and the mixing state of the
aerosol. A high TMI concentration (copper = 0.01 μg/m3, iron
= 0.12 μg/m3, Table S1) would allow a high HO2 uptake
coefficient of 0.2 similar to values determined for filter samples
taken at Mt. Mang and Mt. Tai in China.20 However, the HO2
uptake coefficient highly depends on the dissolved portion of
TMIs19 not determined here, so that lower values determined
from the radical budget are possible.
Calculations using a chemical box model based on RACM2-

LIM134,35 that does not include heterogeneous reactions29

result in agreement within the uncertainties between modeled
and observed radical concentrations (averaged diurnal profile)
for most of the time (Figure 5). Specifically, the model−
measurement agreement for HO2 is excellent.
In a sensitivity test, HO2 uptake is included in the model

using the time series of ASA concentration measurements

Figure 5.Mean diurnal profiles of observed and modeled OH, HO2, and RO2 radical concentrations during the campaign in Wangdu in 2014. Grey
areas denote nighttime and colored areas denote 1 − σ deviations of the mean values of observations. Model results are shown without HO2 uptake
like in the previous analysis by Tan et al.29 and with HO2 uptake using an effective uptake coefficient of 0.2 used by Li et al. 2019 and of 0.08
determined as an upper limit in this work. The lower panels give the differences between observations and model calculations.
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(Supporting Information) and an effective uptake coefficient of
0.2 that was determined in previous studies20 and is also used
in the model studies by Li et al.1,2

Heterogeneous HO2 uptake with a high uptake coefficient of
0.2 results in an additional radical loss of 1.4 ppbv/h and
reduces the modeled HO2 concentration on average by 40%
during daytime (from 08:00 to 16:00). Only in late afternoon
is the model−measurement discrepancy larger than the
combined 1 − σ uncertainties,29 in contrast to the good
agreement without HO2 uptake (Figure 5). The additional loss
of HO2 (γeff = 0.2) reduces also the modeled OH and RO2
concentrations by 30 and 15%, respectively, at noontime.
Modeled OH becomes significantly smaller than observations
in the afternoon, whereas RO2 shows a significant discrepancy
in the morning. In summary, all radical species are less well-
represented by the model, when HO2 uptake with a high γeff
value of 0.2 is included in the model. The impact of aerosol
uptake on model results is much less, if an HO2 uptake
coefficient of 0.08 is applied. The difference between the
model result with this value for the uptake coefficient and the
model without aerosol uptake is only 17% for HO2
concentrations.
The results of the analysis of imbalances in the radical

production and destruction rates suggest that HO2 uptake on
aerosol did not play a role in determining peroxy radical
concentrations and therefore also did not significantly affect
the ozone production rate in the North China Plain in 2014.
Conditions in the field campaign were representative for the
North China Plain at that time (Supporting Information). In
another campaign with no aerosol characterization conducted
in Fall 2014 in the Pearl River Delta, the HO2 and ROx budget
was also found to be closed,36 suggesting again that HO2
heterogeneous uptake was not important. Therefore, field
observations of ROx radicals do not support the hypothesis
that HO2 uptake was responsible for the increase of ozone in
the North China Plain since 2014 (Figure S2).1,2 Other
reasons could be related to changes in the mix of
anthropogenic emissions to a higher ratio of organic
compounds to nitrogen oxides.11−13
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Keding Lu − International Joint Laboratory for Regional
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